Adaptive immunity is shaped by a selection of peptides presented on major histocompatibility complex class I (MHC I) molecules. The chaperones Tapasin (Tsn) and TAP-binding protein-related (TAPBPR) facilitate MHC I peptide loading and high-affinity epitope selection. Despite the pivotal role of Tsn and TAPBPR in controlling the hierarchical immune response, their catalytic mechanism remains unknown. Here, we present the x-ray structure of the TAPBPR-MHC I complex, which delineates the central step of catalysis. TAPBPR functions as peptide selector by remodeling the MHC I a2-1-helix region, stabilizing the empty binding groove, and inserting a loop into the groove that interferes with peptide binding. The complex explains how mutations in MHC I-specific chaperones cause defects in antigen processing and suggests a unifying mechanism of peptide proofreading.
T he adaptive immune system can detect and eliminate cells that are malignantly transformed or infected by intracellular pathogens. Specific immune reactions against these cells are triggered at the cell surface by selected peptide epitopes presented on major histocompatibility complex class I (MHC I) molecules that are scanned by cytotoxic T lymphocytes (1) (2) (3) (4) (5) (6) . Despite its importance for eliciting specific immune responses, the molecular mechanisms underlying antigenic peptide selection in processes such as tumor surveillance, infectious disease defense, and autoimmunity remain elusive. The loading of antigenic peptides onto MHC I is known to be coordinated by the peptide-loading complex (PLC) in the endoplasmic reticulum (ER) (3, 7) . In particular, the MHC I-specific chaperone Tapasin (Tsn), an integral component of the PLC, accelerates peptide loading and selects peptides for their ability to form stable complexes with MHC I, a process called peptide proofreading or editing (8) (9) (10) (11) (12) (13) . The selection of high-affinity peptide epitopes on MHC I molecules is essential for T cell differentiation in the thymus, naïve T lymphocyte priming in the lymph node, and final long-term scanning of target cells by effector T cells. Recently, a PLC-independent Tsn homolog called TAP-binding protein-related (TAPBPR) has been shown to act as a second MHC I-specific peptide proofreader (14) (15) (16) (17) . Site-directed mutagenesis experiments indicate that Tsn and TAPBPR share similar binding interfaces on MHC I (17, 18) , suggesting a common catalytic mechanism. Despite the central role of Tsn and TAPBPR in the antigen presentation pathway and in shaping the hierarchical immune response (19) (20) (21) , the molecular events taking place during catalyzed peptide loading and proofreading on MHC I are unknown, largely due to the lack of structural information on MHC I in complex with these chaperones.
To gain insights into the molecular basis of peptide proofreading catalysis, we determined the x-ray structure of TAPBPR in complex with MHC I heavy chain (hc) and b 2 -microglobulin (b 2 m) (Fig. 1A) . Because TAPBPR and Tsn interact with peptide-MHC I transiently, forming stable complexes only with peptide-free MHC I, and because empty MHC I molecules are intrinsically unstable (22) , we deployed the following strategy for complex formation: The MHC I hc was refolded in the presence of purified b 2 m and a photo-cleavable high-affinity peptide. Peptide cleavage by ultraviolet irradiation was subsequently carried out in the presence of purified TAPBPR (Fig. 1B) (23) . This photo-triggered approach enabled us to isolate and crystallize a heterotrimeric TAPBPR-MHC I editing complex, consisting of human TAPBPR, mouse H2-D b , and human b 2 m. X-ray data were collected to a resolution of 3.3 Å (table S1) .
The overall architecture of TAPBPR consists of an N-terminal composite domain with coalesced seven-stranded b barrel and immunoglobulin (Ig)-like (V type) folds, and a C-terminal IgC1 domain. With its large concave surface, the N-terminal domain of TAPBPR encompasses the a2-1 helix region of the MHC I heavy chain (Fig. 1A and  fig. S1 ). At one end of this N-terminal interface, a b hairpin of TAPBPR reaches under the floor of the peptide-binding groove, establishing ionic and polar interactions with residues of strands b6, b7, and b8. Notably, the tip of the b hairpin contacts b 2 m at the loop between b4 and b5 (Fig.  1C) . Because of its resemblance to a jack acting on the underside of a car, we named this b hairpin the "jack hairpin." The a2-1 helix contacts with TAPBPR are dominated by van der Waals interactions and characterized by a relatively small number of hydrogen bonds. One strong hydrogen bond, as judged from its geometry and the distance between H-bond donor and acceptor, is formed between the side chain of Q275 TAPBPR and the main-chain carbonyl oxygen of A135 MHC , which is located at the end of the b8 strand just before the a2-1 helix (Fig. 1D  and fig. S2 ).
One key feature of the N-terminal interface is an extended loop in TAPBPR containing a short a helix that dives into the MHC peptidebinding groove ( fig. S5) . Notably, the total surface area buried in the TAPBPR-MHC I complex is larger than in all other known MHC I complexes.
The TAPBPR-MHC I structure allows us to readily explain the physiological impact of mutations originally described for Tsn (18) and later confirmed for TAPBPR (16) : The TN6 mutant, in which the invariant residues E208, R210, Q212, and Q275 ( fig. S6 ) were altered to Lys (E208K), Glu (R210E), and Ser (Q212S and Q275S), abrogates binding and peptide loading onto MHC I. Our structure shows that R210 and Q212 are part of the jack hairpin and form multiple interactions with MHC I heavy-chain residues (Fig. 1C) . A charge reversal and a change to Ser, respectively, as in the TN6 mutant, are expected to destroy these interactions and possibly result in electrostatic repulsion. Q275 is engaged in the strong hydrogen bond of the a2-1 interface (Fig.  1D) ; a serine at position 275 is unable to maintain this interaction. Similar to the TN6 mutant, changing R338 (TC2 mutant) or Q339 and S340 (TC3 mutant) to Asp completely abolished MHC I binding (17) . These mutations are anticipated to cause electrostatic repulsion with E229 and to destroy the main-chain interactions with L230 MHC in the a3 interface ( fig. S3) .
The (Fig. 2A) . The opening is due to an outward and downward movement of the a2 helices (displacement of Q149 Ca: 6.3 Å), which is accompanied by a partial downward shift of the b strands forming the floor of the peptidebinding groove (Fig. 2B ). The interaction with TAPBPR also leads to a repositioning of b 2 m (Fig. 2C) residues coordinating the C terminus of the peptide near the F pocket, including Y84, T143, K146, and W147 (Fig. 2, A and D, and fig. S1C and fig.  S7 ). In the peptide-free TAPBPR complex, T143 and K146 in the shifted a2-1 helix are hydrogen bonded with main-chain atoms of the scoop loop. The side chain of Y84 is forced by the scoop loop to swing out of the binding groove. The new sidechain conformation of Y84 is stabilized by a hydrogen bond to E105 of TAPBPR. This glutamate is conserved in Tsn (E72) ( fig. S6) , and when substituted for lysine, it interferes with MHC I binding and reduces the catalytic activity of Tsn (18) . In this context, it is important to note that the interactions of MHC I residues with the N and C termini of the peptide make the largest contribution to the peptide-binding affinity (26) . In particular, the F pocket region governs the conformational and thermodynamic properties of the binding groove, and the binding of the peptide C terminus is critically important in establishing the peptide-bound state of MHC I molecules (27) . Our structural observations are supported by kinetic analyses, which pointed to a widening of the binding groove during catalyzed peptide selection (12) . Apart from the contacts with key peptidecoordinating MHC I residues, the scoop loop of TAPBPR is also connected to the a1 helix of the MHC I via a carbonyl-mediated hydrogen bond to a tryptophan residue (W73 S1B) (17, 18) . A superposition of Tsn from the Tsn-ERp57 structure (18) onto the MHC I-bound TAPBPR uncovers that conformational changes upon binding are not restricted to MHC I, but also take place in the peptide editors. The most pronounced changes are observed in the position of the C-terminal domain and in the jack hairpin (Fig. 3A) , which is the most highly conserved structural element within the editors (fig. S6) . Notably, the jack hairpin in Tsn clashes with residues in the floor of the peptide-binding groove; it therefore has to rearrange to establish the Nterminal interface of Tsn with MHC I (Fig. 3B) . With regards to the C-terminal domain, an extensive rigid-body movement relative to the N-terminal domain of Tsn is necessary to form the observed contacts with both the a3 domain and b 2 m (Fig.  3C) . The multiple conformational changes in the MHC I and the peptide editors upon complex formation highlight the importance of protein plasticity in the catalysis of peptide exchange (28) and may explain why attempts to correctly predict the Tsn-MHC I complex in silico have been unsuccessful so far. Based on our x-ray structure, the complex between Tsn-ERp57 and MHC I can be modeled, in which ERp57 is accommodated without any steric clashes (Fig. 3D) . The Nterminal interface with MHC I contains a loop segment that is stabilized in Tsn by its association with ERp57 (residues 77 to 83), but that is disordered in TAPBPR.
The insights gained from the TAPBPR-MHC I complex allow us to propose the following general mechanism of peptide loading and proofreading on MHC I (Fig. 4) : The peptide editors sample the quality of MHC I-bound epitopes with respect to their affinity by scanning the a2-1 helix region, a structural element involved in anchoring the C terminus of the peptide. Upon encountering a suboptimally loaded MHC I molecule, the editors stabilize a widened conformation of the peptide-binding groove by acting on the a2-1 helix region through the concave surface of their Nterminal domain and the jack hairpin. The scoop loop simultaneously lowers the peptide affinity by displacing and competing for key peptidecoordinating residues (Y84, T143, K146, and W147). These actions induce peptide dissociation and stabilize the resulting high-energy intermediate of the empty MHC I. In the peptide-free state observed in our complex, the scoop loop can be regarded as a surrogate for the C terminus of the peptide, contributing to the stabilization of the empty peptide-binding groove and the chaperoning effect of TAPBPR/Tsn. Subsequently, only optimal high-affinity epitopes are able to displace the scoop loop and compete with the editor over the a2-1 helix region to restore the tightened 3 of 5 conformation of the binding groove, which lowers the affinity of the editor for MHC I and leads to its dissociation. Because of the scoop loop blocking the F pocket, the N-terminal part of the replacement peptide is expected to be involved in the initial steps of the binding event. The result of the editor-catalyzed peptide exchange is an MHC I-bound peptide repertoire enriched with high-affinity epitopes, which can elicit a hierarchical immune response. In essence, the mechanism of peptide proofreading can be considered a tug-of-war between the peptide and the editor over peptide-coordinating residues of the binding groove and over the a2-1 helix region. In contrast to TAPBPR and Tsn, the MHC II-specific peptide proofreader HLA-DM (human leukocyte antigen DM) acts at the opposite end of the binding groove, competing with the N-terminal region of epitope for residues around the P1 pocket of MHC II (29) . However, the unifying theme in the activity of MHC I and MHC II exchange catalysts is that both use malleable structural elements flanking the peptide-binding groove to stabilize the empty groove in a state that only high-affinity epitopes can overcome.
Despite their common catalytic activity and mechanism, TAPBPR and Tsn exhibit different allomorph specificities (15, 16) and cannot compensate for each other in vivo (8, 11, 30) . We detected structural features in functionally important regions that distinguish Tsn from TAPBPR and may contribute to the differences: One characteristic feature is the aforementioned loop segment in the N-terminal interface that is stabilized in Tsn by the presence of ERp57, but that is disordered in TAPBPR (Fig. 3D) , which does not associate with ERp57 (14) . Furthermore, because parts of ERp57 around the intermolecular disulfide bond come close to the C terminus of the a2-1 helix, the direct involvement of ERp57 in MHC I binding and catalysis cannot be excluded. Notably, ERp57 is known to be crucial for the activity of Tsn (13) . Moreover, the scoop loop in TAPBPR is substantially longer than in Tsn ( fig.  S6 ), suggesting that the peptide selection process carried out by the scoop loop is more stringent in TAPBPR. These differences between TAPBPR and Tsn may have evolved as a result of the distinct cellular environments in which these proteins operate: TAPBPR is not restricted to the ER, but is also found in the Golgi compartment (14) and appears to act as a final gatekeeper in quality control downstream of the Tsn-harboring PLC. Some MHC I allomorphs are recognized by TAPBPR as being bound to low-affinity cargo, but cannot be loaded with higher-affinity peptide (e.g., due to a shortage of suitable peptides) (15) . Such MHC I allomorphs are reglucosylated by the TAPBPR-associated glucosyltransferase UGT1 (31) , so that they are rerouted back to the PLC for a new round of editing. Thus, TAPBPR appears to optimize MHC I peptide ligands not only through its intrinsic peptide proofreading activity, but also by assisting in the UGT1-mediated recycling of peptide-deficient MHC I molecules (31) . Because the PLC offers more proofreading options, Tsn appears less stringent, indicated by the shorter scoop loop. Further studies will be required to understand the interplay between TAPBPR and Tsn.
This study uncovers the mechanistic underpinnings of how TAPBPR and Tsn select highaffinity peptide epitopes, which are pivotal in shaping the adaptive immune response with wideranging implications for autoimmunity, infection control, transplantation, and cancer immunotherapies. This first structure of an MHC I chaperone complex lays the ground for new theoretical and experimental approaches to predict and fine-tune the selection of epitopes and of MHC I molecules on the basis of their intrinsic local and global conformational plasticity. The peptide editors Tsn and TAPBPR sample the quality of MHC I-bound peptide epitopes with regard to their affinity by scanning the a2-1-helix region, which is crucially involved in anchoring the C-terminal portion of the peptide (step 1). Polar interactions are indicated by dotted lines. Upon encountering a suboptimally loaded MHC I molecule, the editors stabilize the peptide-binding groove in a widened conformation and render key peptide-coordinating residues inaccessible, including Y84, by inserting the scoop loop into the groove. As a consequence, the peptide dissociates. In the case of TAPBPR and in a peptide-deficient cellular environment, the resulting empty MHC I may be recycled via the TAPBPR-associating glucosyltransferase UGT1 (step 2). In the presence of highaffinity peptides, however, the editor is displaced (step 3), and the stable peptide-MHC I complex can travel to the cell surface (step 4). (B) Overview of domain movements and conformational changes during proofreading catalysis. Movements are indicated by red arrows. Low-and high-affinity peptides are shown as yellow and red circles, respectively.
